CRISPR-Cas9 mediated gene editing has enabled the direct manipulation of gene 2 function in many species. However, the reproductive biology of reptiles presents unique 3 barriers for the use of this technology, and there are currently no reptiles with effective 4 methods for targeted mutagenesis. Here we present a new approach that enables the 5
Among squamates, Anolis lizards are compelling candidates for the establishment of 23 gene editing methods. Over the past 50 years, anoles have become one of the central 24 model systems for studies of reptile evolution, physiology, and development 11 . This 25 group has experienced an extensive adaptive radiation in the Caribbean with hundreds 26 of described species that display a wide range of morphological, behavioral, and 27 physiological differences. Studies of the convergent evolution of similar sets of Anolis 28 "ecomorphs", or habitat specialists, on different Caribbean Islands has produced a rich-29 literature on the biology of Anolis lizards. Although many Anolis species can be 30 successfully raised in the lab, we chose to develop genome editing in the brown anole lizard, Anolis sagrei. This invasive lizard is now found far beyond its native Caribbean 32 range and is ideal for genetic studies due to its small size, ease of husbandry, long 33 breeding season, and relatively short generation time. 34 35 CRISPR-Cas9 mediated genome editing is an effective method for producing 36 genetically modified vertebrates 12 . Typically, CRISPR-Cas9 components are 37 microinjected into vertebrate embryos at the one-cell stage to generate individuals 38 potentially harboring alterations at the locus of interest. However, there are significant 39 challenges associated with microinjection of Anolis zygotes. These challenges include 40 internal fertilization and the long-term storage of sperm within the oviducts of adult 41 females, which makes timing the microinjection of single cell embryos extremely 42 difficult. At the time of ovulation Anolis eggs are also quite large (~8 mm in length) and 43 are filled with substantial amounts of yolk; these oocytes are fragile and are difficult to 44 manipulate without rupturing. Furthermore, after fertilization the egg shell must be 45 deposited around the egg and embryonic development is initiated before the egg is laid. 46
Finally, unlike the hard shells of birds, the egg shells that enclose Anolis embryos are 47 pliable and no air space is present within the egg, presenting obstacles for embryo 48 manipulation within the egg shell. Most of these reproductive challenges for 49 microinjection are not unique to anoles, but are features that are typical of many 50
reptiles. Here we demonstrate the use of CRISPR-Cas9 to mutate the tyrosinase gene 51
in Anolis sagrei using an approach that is generalizable to other loci. The procedure we 52 have developed involves microinjection of CRISPR-Cas9 components into immature, 53
unfertilized Anolis oocytes within the ovaries of female lizards. 54 55 Reproductively active A. sagrei females lay approximately 1 egg every week, similar 56
to Anolis carolinensis 13 . Each ovary contains a series of approximately 10 maturing 57 ovarian follicles arranged by size, with the smallest follicle closest to the germinal bed 58 and the largest vitellogenic follicle positioned distally ( Fig. S1 ). With the exception of the 59 largest follicle, these follicles are previtellogenic or in the early stages of vitellogenesis 60 and are largely similar in size between the left and right ovaries. In our approach, 61 female lizards are anesthetized and are placed on a surgical platform underneath a incisions positioned along the left or right flank, respectively ( Fig. 1 ). During surgery, the 64 ovary can be gently moved to allow easy observation and injection of the oocytes under 65 a dissecting microscope. Oocytes are microinjected with Cas9 ribonucleoprotein 66 complex (Cas9 RNP) while remaining associated with the ovary (Fig. 1, Fig. S1 , and 67 Video S1). In our hands, oocytes that are 0.75 to 5 mm in diameter yield the highest 68 frequency of mutant animals ( Fig. S2) . A typical anole ovary has 4 to 6 oocytes in this 69 range. Therefore, approximately 10 oocytes in this size range can be injected per 70 animal. Oocytes equal to or larger than 6 mm in diameter are not injected due to the 71 increased risk of rupturing these large, yolk-filled oocytes. After microinjection of 72 oocytes is completed on one side, the incision is sealed with veterinary glue. The 73 procedure is then repeated on the opposite side. We routinely inject 5 females per day 74 for a total of about 50 oocytes per injection session. comparing the sequence to that of wild-type lizards in the colony. The overall mutation 108 frequency in terms of mutant lizards per follicle injected was 6.2%. A mutation frequency 109 of 9.7% was obtained from microinjected follicles that were 1.5 to 2.5 mm in diameter, 110 while follicles 0.75 to 1.0 mm and 3 to 5 mm in diameter yielding frequencies of 9.3% 111 and 5.6%, respectively. No mutations were obtained from microinjection into follicles 112 smaller than 0.5 mm in diameter. Consistent with results in other vertebrates, CRISPR-113
Cas9 genome editing in lizards resulted in indels that typically ranged in size from 3 to 114 17 base pairs. 115
116
Our discovery that microinjection of genome editing reagents into oocytes generates 117 F0 lizards carrying bi-allelic mutations in the targeted gene, demonstrates that our 118 approach offers an efficient path for directly testing gene requirement in anoles. For 119 genes where loss of function mutations are homozygous lethal, or studies requiring 120 heterozygous animals, we expect that naturally occurring SNPs can be used to facilitate 121 targeting of one allele only. The establishment of CRISPR-Cas9 editing in this inexpensive reptilian system will 124 finally permit mechanistic studies of gene function to be performed in reptiles. We 125 anticipate the gene-editing strategy we have developed in anoles can also be 126 successfully applied to many other squamate species. The method and location where injections were made were specifically chosen to 184 avoid some of the challenges with administering drugs to reptiles. One such issue to be 185 aware of is the hepatic-first pass effect which is a phenomenon found in many reptiles After successful anesthesia induction, the lizard becomes non-responsive to any 209 noxious stimuli (i.e., an absence of response to a cloacal/tail clamp that normally 210 induces severe discomfort). The anesthetized lizard was placed into right lateral 211 recumbency and the left flank was aseptically prepared by alternating disinfection with 212 70% ethanol and 7.5% povidone-iodine (Surgical Scrub Solution, 16 fl. oz. 473 mL, 213 Dynarex) wipes for 5 minutes. 214
Following standard surgical practices, sterile iris scissors (FST, item 15023-10) 215 were used to make an 8-10 mm vertical cutaneous incision on the left side, in the mid-216 coelom region. A second incision between the ribs was made through the musculature 217 (i.e., internal/external intercostal and pigmented coelom muscle layers) to enter the 218 coelom. The ovary can be found dorsally in the mid-coelom region and was easily 219 accessible by shifting intestines gently aside using blunt forceps (FST: 45˚ angled 220 forceps, item 00649-11; FST: strait forceps, item 00632-11). Once located, the ovary 221 was carefully rotated and repositioned to expose immature follicles ranging anywhere 222 from 0.25 mm to 5 mm in size. 223
Using the blunt forceps to clasp and hold the ovary in place, a microinjection 224 needle was visually guided into the follicle center at an angle between 35-45˚ degrees 225 relative to horizontal. 5 µM Cas9 RNP solution was then injected into follicles at differing 226 volumes ranging from as little as 15 nL to as much as 575 nL which was dependent 227 upon needle and follicle size. Retrospectively, ideal injection volumes were determined 228 (3≤5 mm, 300-500 nL; 2≤2.5 mm, 200-250 nL; 1≤1.5 mm, 100-150 nL; and 0.75 mm, 25 229 nL) based on surgical sessions that produced mutants. Large yolky follicles greater than 230 5 mm in diameter, and eggs already present in the oviduct, were not injected. Sterile 231 drops of P-Lytes solution (Veterinary Plasma-Lyte A Injection pH 7.4) were applied 232 directly on the ovary or in coeliotomy opening throughout the procedure to prevent 233 tissue dehydration. 234
After injection, the ovary was gently returned into the coelom and overlying 235 musculature and skin was lightly pulled together to close the cavity. Tissue adhesive 236 (3M Vetbond, #1469SB) was carefully applied only to only the external surface of the 237 skin, avoiding the underlying musculature. Once the tissue adhesive was dry, the lizard was re-positioned into left lateral recumbency and the procedure was repeated for a 239 right coeliotomy. 240
During recovery, triple antibiotic ointment (Bacitracin Zinc, Neomycin Sulfate, 241
Polymyxin B Sulfate) was applied topically to the surgical wounds. Lizards were 242 monitored daily for 1 week for any signs of infection, pain, or inflammation. After 243 recovery from anesthesia, females were housed together with their previous female 244 mates and allowed to recover for 7 days prior to reintroducing the male. 
Mutation screening 265
Cages were monitored for a specified number of weeks following surgery which 266 was based on the highest number of follicles injected in an ovary (e.g., if 8 and 5 267 follicles were injected in the right and left ovaries of one lizard, respectively, a cage 268 housing this lizard would be monitored for n=16 weeks). Because these females often had 1 or 2 eggs in the oviduct as well as 2 large (>5mm) un-injected large follicles, 270 cages were monitored for an additional 3-4 weeks following surgery. 271
Embryos and hatchlings from surgery cages were screened via PCR PAGE 272 analysis under conditions that reliably detect a 2-3bp change 17 . DNA was extracted from 273 tail clips from hatchlings or from tissue collected from embryos following standard 274 protocols. PCR was performed using the following primers: P1, 5-275 CAAGAACTTTGCAATGGAACAAATG-3'; P2, 5'-GAATTCAACGTCTGCTGAAGATG- injection. This method of follicle train assignment assumes 1) eggs present in the 285 oviduct will be laid within one week, 2) follicles greater than 8-10 mm in 2 weeks, and 3) 286 follicles less than or equal to 5mm in diameter will be laid no sooner than 3 weeks. Our 287 reason for including these 3 underlying assumptions derives from the observation that 288 females who had 1-2 eggs present in their oviduct, also had a follicle greater than 8-10 289 mm in diameter followed by a follicle between 3-5 mm in each ovary, suggesting at least 290 a week interval between these sizes. As each lizard possesses a "leading" ovary and 291 "lagging" ovary in follicle sizes, the leading ovary is given preferential ordering in train 292 position. It is important to note that this method of ordering does not account for any 293 potential loss of follicles accidently destroyed in the microinjection process and 294 assumes that if such an event occurred, the follicle developmental timeline of that ovary 295 is unaffected. 296 297
Data availability 298
The data that support the findings of this study are available from the corresponding 299 author upon request.
